Rho family of small G proteins (Perona et al., 1997 ). In the current study, we demonstrate that Tax markedly stimulates the kinase activity of IKK␤. Furthermore, we find that MEKK1 directly stimulates IKK␤ kinase activity and that Tax interaction with MEKK1 correlates with activation of IKK␤ kinase activity. Thus, Tax modulation of MEKK1 kinase activity regulates gene expression via the NF-B pathway.
Results

Tax Activation of the NF-B Pathway Is Mediated by IKK␤
Tax activation of the NF-B pathway involves increases in IB␣ and IB␤ phosphorylation and subsequent degradation by the proteasome (Brockman et al., 1995; McKinsey et al., 1996) . To address whether IKK␣ and IKK␤ were involved in Tax activation of the NF-B pathway, dominant negative mutants of IKK␣ and IKK␤ (Mercurio et al., 1997; Woronicz et al., 1997; Zandi et al., 1997) were analyzed. These constructs were transfected into Jurkat cells with Tax and either HIV-1 LTR CAT or HTLV-I LTR CAT reporter constructs (Figure 1 ). Tax has been demonstrated to activate gene expression from the HIV-1 LTR via two NF-B binding sites while Tax activation of HTLV-I LTR gene expression is mediated via ATF/CREB binding sites (Smith and Greene, 1990 ). IKK␤ but not IKK␣ dominant negative mutants inhibited Tax activation of the HIV-1 LTR ( Figure 1A ). In contrast to our results with Tax activation, both dominant negative IKK␣ and IKK␤ constructs inhibited TNF␣ activation of the HIV-1 LTR, which is also mediated by NF-B binding sites ( Figure 1B ). Neither IKK␣ nor IKK␤ dominant negative mutants inhibited Tax activation of HTLV-I LTR (Fig- mutant that activates gene expression from the NF-B pathway ( Figure 2A , lanes 3 and 5). In contrast, the Tax mutant M22, which is defective in activating gene stimulate endogenous IKK kinase activity. A rabbit polyclonal antibody that could immunoprecipitate the IKK␣/ expression from the NF-B pathway, was not able to activate IKK␤ kinase activity ( Figure 2A , lane 4). Neither IKK␤ hetrodimer was used to assay kinase activity from a variety of cell lines that either contained or lacked Tax. Tax nor TNF␣ increased IKK␤ phosphorylation of a GST-IB␣ protein mutated at serine residues 32 and 36, indiThese included Jurkat cells, the HTLV-I-transformed T cell line SLB, and a Jurkat cell line JPX-9, which contains cating the specificity of this kinase ( Figure 2A , lanes 6-10). These results indicated that Tax could increase the tax gene downstream of the metallothionein promoter and can be induced by the addition of cadmium IKK␤ kinase activity, and this correlated with the ability of specific Tax mutants to activate gene expression from (Ohtani et al., 1989) . IKK kinase activity for the IB␣ substrate was higher in SLB cells ( Figure 2B , lane 2) than NF-B responsive promoters.
Next it was important to address whether Tax could in untreated or cadmium-treated Jurkat cells ( Figure 2B , a dominant negative IKK␤ mutant ( Figure 3A ). Other regulators reported to be upstream of MEKK1, including Rac2, Cdc42, and RhoA (Perona et al., 1997) , were also tested for their ability to regulate Tax activation of the NF-B pathway. Dominant negative mutants of these proteins did not inhibit Tax activation of the HIV-1 LTR ( Figure 3A ). These results indicated that Tax activation of the NF-B pathway might be mediated by direct effects on either MEKK1 or NIK.
Next we tested the role of several of these dominant negative mutants in inhibiting TNF␣ activation of the HIV-1 LTR. Using the same amount of transfected DNA (6 g) as in Figure 3A , both dominant negative IKK␣ and IKK␤ mutants potently inhibited TNF␣-mediated activation of NF-B gene expression ( Figure 3B ). The MEKK1 (D1369A) mutant only modestly inhibited TNF␣ activation of gene expression ( Figure 3B ). In contrast, domi- in which the NF-B binding sites were mutated ( Figure  3C ). In contrast to its effects on the HIV-1 LTR, MEKK1 lanes 1 and 5). Induction of Tax expression in the JPX-9 failed to enhance Tax activation of the HTLV-I LTR (data cell line by the addition of cadmium markedly increased not shown). Since dominant negative IKK␤ mutants inendogenous IKK kinase activity for IB␣ ( Figure 2B , hibited (Rothke et al., 1995) , which blocks TNF activation of NF-B, did not inhibit NF-B pathway followed by immunoprecipitation and an assay for kinase activity. As expected, both TNF␣ Tax activation of the HIV-1 LTR ( Figure 3A) . In contrast, a dominant negative mutant of NIK (K429A, K430A) was and NIK potently activated IKK␤ kinase activity ( Figure  4A , lanes 2 and 3). Both Tax and MEKK1 also markedly able to decrease Tax activation of the HIV-1 LTR ( Figure  3A ). MEKK1 increases NF-B-mediated gene expresstimulated IKK␤ phosphorylation of IB␣ ( Figure 4A , lanes 4 and 5). Consistent with our earlier findings, sion in transfected cells and stimulates IB kinase activity in vitro (Hirano et al., 1996; Lee et al., 1997) . A domi-MEKK1 (D1369A) prevented Tax stimulation of IKK␤ kinase activity ( Figure 4A , lane 6). These results suggested nant negative mutant of the full-length MEKK1 protein (D1369A) (Xu et al., 1996) inhibited Tax activation of the that Tax might act through MEKK1 to modify IKK␤ kinase activity directly. HIV-1 LTR to a similar extent as the inhibition seen with Next we tested the role of activators of the NF-B in either the presence or absence of wild-type or mutant tax ( Figure 5A ). Following immunoprecipitation of MEKK1 pathway on activating IKK␣ kinase activity. An IKK␣ cDNA was transfected into COS cells either alone or in the with the 12CA5 monoclonal antibody, [␥-32 P]ATP was added and SDS-PAGE and autoradiography were perpresence of activators of the NF-B pathway. Following immunoprecipitation, TNF␣ and NIK strongly activated formed. Wild-type Tax and the M47 Tax mutant ( Figure  5A , lanes 2 and 4), but not the M22 mutant ( Figure 5A , IKK␣ kinase activity ( Figure 4B , lanes 2 and 3). In contrast, MEKK1 and Tax only weakly activated IKK␣ kinase lane 3), were able to stimulate MEKK1 autophosphorylation strongly. MEKK1 kinase activity in both the presactivity ( Figure 4B , lanes 4 and 5). These results confirmed previous data that IKK␤ was a much more potent ence and absence of Tax was next assayed in immunoprecipitation assays using a previously characterized kinase than IKK␣ (Mercurio et al., 1997) and indicated that Tax and MEKK1 were able to activate more strongly substrate, MEK4 (Yan et al., 1994; Winston et al., 1995) . Wild-type Tax stimulated MEKK1 phosphorylation of IKK␤ kinase activity as compared to IKK␣.
Since MEKK1(D1369A) prevented Tax stimulation of MEK4 ( Figure 5B , lanes 2 and 3). Since Tax could increase MEKK1 kinase activity, it IKK␤ kinase activity, we expected that this mutant would also prevent Tax stimulation of NF-B nuclear translocawas important to determine whether MEKK1 could modify IKK kinase activity directly. Baculovirus-produced tion. Gel retardation assays demonstrated that both MEKK1 and Tax increased the nuclear levels of NF-B MEKK1 was incubated with immunopurified wild-type or kinase-inactive IKK␣ and IKK␤ proteins in the pres-( Figure 4C , lanes 3 and 4). MEKK1(D1369A) prevented the ability of Tax to induce NF-B nuclear translocation ence of unlabeled ATP. Following this initial kinase reaction, GST-IB␣ was added in the presence of [␥-32 P]ATP ( Figure 4C , lane 5). The degree of Sp1 binding in these gel retardation assays was not altered ( Figure 4C , lanes to assay for the ability of IKK␣ and IKK␤ to phosphorylate GST-IB␣ ( Figure 5C , lanes 1-8). Under these condi-2-5). These results suggest that MEKK1 is a downstream target of Tax.
tions, recombinant MEKK1 stimulated the kinase activity of the immunopurified IKK␤ 5-fold ( Figure 5C , lanes 5 and 6) but had no effect on the activity of the immunopurTax Stimulates MEKK1 Kinase Activity Previous data suggested that increases in MEKK1 kiified wild-type IKK␣ ( Figure 5C , lanes 1 and 2) or mutants of either IKK␣ ( Figure 5C , lanes 3 and 4) or IKK␤ (Figure nase activity were associated with increases in MEKK1 autophosphorylation (Deak and Templeton, 1997) . To 5C, lanes 7 and 8). MEKK1 did not stimulate IKK␤ phosphorylation of a GST-IB␣ protein mutant at serine residetermine whether Tax resulted in increased autophosphorylation of MEKK1, an influenza hemagglutinindues 32 and 36 (data not shown). The kinase activity of the recombinant MEKK1 was demonstrated by its ability tagged MEKK1 construct was transfected into COS cells GST-MEK4 alone (lane 5) were also assayed. monoclonal antibody followed by kinase assays as described. West-(C) COS cells were transfected with wild-type (lanes 1, 2, 5, and 6) ern blot analysis of each lysate was performed with the M2 Flag or mutant (lanes 3, 4, 7, and 8) IKK␣ and IKK␤ constructs as above, monoclonal antibody. and these proteins were immunoprecipitated from the cell lysates. (B) An IKK␣ cDNA (2 g) was transfected into COS cells alone (lane The immunoprecipitates were then preincubated in either the pres-1), in the presence of TNF␣ (lane 2), or with the various constructs as ence (lanes 1, 3, 5, 7, and 9) or the absence (lanes 2, 4, 6, 8, and labeled. IKK␣ was immunoprecipitated with the 12CA5 monoclonal 10) of the recombinant catalytic subunit of MEKK1 and cold ATP. antibody and kinase assays were performed as described. Western
Kinase assays in the presence of [␥-32 P]ATP were then performed blot analysis of the lysates was performed using the 12CA5 monowith either GST-IB␣ (lanes 1-8) or GST-MEK4 (lanes 9-10) followed clonal antibody (lanes 1-5) .
by SDS-PAGE and autoradiography. to phosphorylate MEK4 ( Figure 5C , lanes 9 and 10). with associated proteins directly phosphorylates IKK␤, These results suggested that IKK␤ was a likely substrate leading to stimulation of its kinase activity for IB␣. for MEKK1 and that MEKK1 phosphorylation of IKK␤ increased its kinase activity.
Due to the fact that the IKK␤ protein exhibits marked In Vivo Interaction between Tax and MEKK1 Correlates with NF-B Activation autophosphorylation, a kinase-defective IKK␤/K→M mutant was used to assay MEKK1 phosphorylation of IKK␤.
Since MEKK1 and NIK were potential targets for Taxmediated activation via the NF-B pathway and we Recombinant IKK␤/K→M purified from SF9 cells was phosphorylated using both a catalytic fragment and fullcould demonstrate no direct interactions between Tax and IKK␣ or IKK␤ (data not shown), we next tested the length MEKK1 ( Figure 5D, lanes 2 and 3) , while no similar phosphorylation was noted in the absence of IKK␤/K→M possibility that Tax could directly interact in vivo with either NIK or MEKK1. HeLa cells were transfected with ( Figure 5D, lanes 4 and 5) . These results are consistent with the fact that MEKK1 either alone or in conjunction expression vectors containing either NIK, MEKK1, or tax either alone or in combination. Immunoprecipitation was performed with an anti-Tax monoclonal antibody followed by Western blot analysis with rabbit polyclonal antibodies directed against either NIK or MEKK1. MEKK1 ( Figure 6A , lane 8, top panel) but not NIK ( Figure 6A , lane 4, top panel) was able to coimmunoprecipitate with Tax. Tax ( Figure 6A , middle panel), MEKK1 ( Figure 6A , bottom panel), and NIK ( Figure 6A , bottom panel) were each detected in Western blot analysis of the lysates that were used in these coimmunoprecipitation studies. Tax mutants M22 or M47 were also tested for their ability to associate with MEKK1. The M47 Tax mutant ( Figure  6A, Figure  6B , lanes 1-4 and 6-9) or a Myc monoclonal antibody ( Figure 6B, lanes 11-14) . Following the addition of [␥-32 P]ATP, the immunoprecipitated complexes were disrupted, and a second immunoprecipitation was performed with antibodies directed against either ␤-galactosidase ( Figure 6B , lanes 1-4) or MEKK1 ( Figure 6B , lanes 6-9 and 11-14). The 195 kDa autophosphorylated MEKK1 protein was detected in cells containing Tax, which were immunoprecipitated with both Tax and MEKK1 antibodies ( Figure 6B , lanes 7 and 9), but not noprecipitating with antibody directed against either Tax (lanes 1-4 and 6-9) or Myc (lanes 11-14) followed by the addition of [␥- 32 P]ATP, boiling the immunoprecipitates, and performing a second immunoprecipitation with either ␤-galactosidase antibody (lanes 1-4) or
Mapping of In Vitro Interactions between
MEKK1 antibody (lanes 6-9 and 11-14). In lanes 5 and 10, lysates act with the N terminus of MEKK1 ( Figures 7B and 7C ). Wild-type Tax ( Figure 7B , lanes 1-3) and the M47 Tax protein associated with the N terminus of MEKK1 ( Figure  7B , lanes 4-6), consistent with our in vivo results. On MEKK4 of the known MEKK family members also con-(A) Wild-type Tax and the Tax M22 and M47 mutant proteins contains this putative Tax binding site (Gerwins et al., 1997) .
MEKK1 and Tax
taining a carboxy-terminal protein kinase A substrate site were 32 PFurther studies will be required to address whether other labeled by the addition of the PKA catalytic subunit (Yin et al., 1995) .
members of the MEKK family (Blank et al., 1996) may this time. Although we find that a dominant negative NIK mutant can inhibit Tax activation, we find no evidence of specific interactions between NIK and Tax. Furthermore, the other hand, the M22 Tax protein failed to bind to we noted that a dominant negative NIK mutant was also the N terminus of MEKK1 ( Figure 7B, lanes 7-9) . Thereable to inhibit MEKK1 activation of NF-B (M.-J. Y. and fore, we conclude that Tax binds directly to the amino R. B. G., unpublished data). It is possible that both terminus of MEKK1 in a manner that correlates with the MEKK1 and NIK may play a role in modulating Tax actiability of Tax to activate gene expression via the NF-B vation. This could be due to common factors that regupathway.
late both of these pathways. Alternatively, the role of the dominant negative NIK mutant in inhibiting Tax and Discussion MEKK1 activation could be due primarily to titration of IKK␣ and IKK␤ proteins. Our data support the notion In this study, we analyzed the cellular signal transducthat, at least in the pathophysiological setting of HTLV-I tion pathways exploited by the HTLV-I Tax protein to infection, MEKK1 is likely an important target for Tax to activate the NF-B pathway. We demonstrate that Tax activate gene expression via the NF-B pathway. predominately modulates the activity of one of the two MEKK1 contains a C-terminal kinase domain and an recently identified IB kinases, IKK␤. Dominant negative ‫0021ف‬ residue N terminus of poorly understood function mutants of IKK␤ block the action of Tax on NF-B, while that binds Tax. As is true of many signaling molecules, comparable mutants of IKK␣ do not. In contrast, both the function of the domains contained in their N terminus of these mutants block the ability of TNF␣ to stimulate most likely is to serve as binding sites for downstream the NF-B pathway. It is possible that the failure of IKK␣ targets or upstream regulators. MEKK1 has been found dominant negative mutants to inhibit Tax activation of to bind to several protein kinases, including potential the NF-B pathway may be related to the fact that these upstream kinases, members of the MEK family, and mutants are much weaker inhibitors of the NF-B path-JNK/SAPK (Xu and Cobb, 1997) . It is likely that the large way than dominant negative IKK␤ mutants (Mercurio et size of MEKK1, nearly 1500 amino acids, permits interacal., 1997; Woronicz et al., 1997 , 1996) . Thus, one intriguing possibility is that MEKK1 a potent effect of Tax on IKK␤ kinase activity, we cannot may be part of a signalsome complex similar to that rule out a contribution of IKK␣ on Tax-mediated activafound with the related yeast protein STE11, which regulates the yeast mating type pathway (Lange-Carter et tion of the NF-B pathway. Our conclusions on the ability maintained in RPMI containing 10% fetal bovine serum. Tax expresal., 1993; Choi et al., 1994) . Since a 70 kDa MEKK1 sion from the JPX-9 cell line was induced by the addition of 20 catalytic subunit is found in a large molecular weight M cadmium. Jurkat cells were transfected by the DEAE-dextran complex with IKK␣ and IKK␤ (Mercurio et al., 1997) , it method as described (Yin et al., 1995) . Cells were treated with TNF␣ is possible that Tax modifies the interactions of proteins (20 ng/ml) for 16 hr to assay effects on CAT activity. A portion of the in this complex to facilitate MEKK1 activation of IKK␤ cell lysate that was normalized for equivalent CMV-␤-galactosidase activity was used for CAT assays. The CAT activity was quantitated kinase activity.
by phosphorimager and plotted.
Our results suggest that Tax activation of the NF-B pathway can bypass upstream regulatory steps such as regulate an important cellular activation pathway results min, and a second immunoprecipitation was performed with 2 g in increased expression from specific cellular genes inof MEKK1 antibody (C-22, Santa Cruz) or ␤-galactosidase antibody cluding IL-2 and the IL-2 receptor (Ballard et al., 1988;  followed by SDS-PAGE and autoradiography. Leung and Nabel, 1988) . This modulation of cellular gene
For assays of IKK activation by MEKK1, kinase reaction mixture (10 mM HEPES [pH 7.5], 1 mM DTT, 5 mM MgCl 2, 100 mM ATP, 100 expression is likely a critical factor in the ability of the mg/ml BSA with or without 1 ng/l of the baculovirus produced and HTLV-I Tax protein to transform human T lymphocytes. purified 70 kDa catalytic domain of MEKK1-designated His-MEKKc) was added to the agarose beads. As a positive control, reactions containing 100 ng/l GST-MEK4 as a substrate were included. After Experimental Procedures incubation at 30ЊC for 30 min, kinase mixture was replaced with 10 mM HEPES (pH 7.5), 1 mM DTT, 5 mM MgCl 2, 10 mM ␤-glycerophos-DNA Plasmid Constructs phate, 100 g/ml BSA, 10 M ATP, 10 Ci [␥-32 P]ATP, and 50 g/ Expression vectors containing wild-type tax and the tax mutants ml GST-IB␣ fusion protein. After incubation at 30ЊC for 10 min, the M22 and M47 have been described previously (Smith and Greene, reaction mixtures were then subjected to SDS-PAGE and autoradi-1990) as have the vectors containing wild-type full-length MEKK1, ography. and dominant negative MEKK1 (D1369A) and GST-MEKK1 fusion proteins (Xu et al., 1996) . The cDNAs for wild-type IKK␣ and the Analysis of Tax and MEKK1 Association mutants K44M (K→M) and S176A/S180A (SS→AA) contained amino-MEKK1, NIK, wild-type tax, and the tax mutants M22 and M47 were terminal influenza hemagglutinin sequences while the cDNAs for cloned downstream of the T7 promoter in the pTM1 expression wild-type IKK␤ and the mutants K44M (K→M) and S177A/S181A vector and expression was performed as previously described (Yin (SS→AA) contained amino-terminal Flag sequences and have been et al., 1995) . Cell lysates (200 g) were subjected to immunoprecipidescribed previously (Mercurio et al., 1997) . The wild-type and the tation with Tax antibody followed by Western blot analysis using dominant negative (K429A/K430A) NIK and dominant negative MEKK1 (Santa Cruz, #sc-252) or NIK polyclonal antibodies. TRAF2 (87-501) cDNAs were cloned downstream of the CMV promoter and contained Myc and Flag epitopes, respectively. The wildIn Vitro Protein Binding Assays type and dominant negative small G proteins, Rac2 and Rac2 (N17), PCR was used to generate different fragments of the MEKK1 cDNA, RhoA and RhoA (N19), and Cdc42 and Cdc42 (N17) were Mycwhich were cloned into the pGEX-KG vector to generate GST fusion tagged and have been described previously (Frost et al., 1996) .
proteins. The resulting DNAs were transformed into BL21 to generate the bacterially produced GST fusion proteins. Wild-type and mutant Tax proteins were purified as described (Yin et al., 1995) and Cell Lines and Transfections COS and HeLa cells were maintained in DMEM and transfected labeled with [␥-32 P]ATP by the addition of 10 U of cAMP-dependent protein kinase. Equal amounts of the GST-MEKK1 proteins were using lipofectamine. These cells were treated with TNF␣ (20 ng/ml) for 10 min before harvesting to assay effects on IKK kinase activity.
bound to glutathione agarose beads and incubated with 32 P-labeled wild-type, M22, or M47 Tax proteins at 4ЊC for 2 hr, and subjected Jurkat cells, the Jurkat cell line JPX-9 (Ohtani et al., 1989) , and the HTLV-I-transformed T cell line SLB (Koeffler et al., 1984) were to SDS-PAGE and autoradiography. Gel retardation assays with nuclear extracts using NF-B and SP1 oligonucleotides were perTransformation to continuous growth of primary human T lymphocytes by human T-cell leukemia virus type I X-region genes transformed as previously described (Yin et al., 1995) .
duced by a Herpesvirus saimiri vector. Proc. Natl. Acad. Sci. USA 86, 3351-3355.
